A novel cDNA encoding ~ subunit of the GTP-binding protein, transducin, has been cloned from a marine fish, Sparus aurata. The cDNA contains an open reading frame of 1050 nt (encoding 350 amino acid residues). A high degree of identity was found with known mammalian transducin proteins of cones (Gt2~) or rods (Gtl~): human Gt2~ (80.2%), ~Jovine Gt2~ (79.3%), mouse Gtl~ (78.2%), mouse Gt2~ (78%) and bovine Gtl~ (77.9%). Northern blot analysis of different tissues revealed a transcript of about 2.5 kb, which is expressed only in the fish eye and not in other tissues from adult fish, supporting its identification as transducin. Ontogeny~ of transducin mRNA expression during early development of Sparus aurata, determined by Northern blot analysis, showed very low levels in larvae 3 days after hatching but not earlier. Leveis~increased 3-and 6-fold on days 4 and 6 (respectively) compared with those on day 3 and remained essentially unchanged thereafter, until day 21 after hatching (the last day studied). Our results suggest that in fish only one subunit of transducin is found, which shows similar identity with cone and rod ~ subunlts of mammals. © 1997 Elsevier Science Ltd Transducin cDNA cloning Teleost (Sparus aurata) 
INTRODUCTION
Heterotrimers GTP binding proteins (G-proteins) play important roles in trans-signaling systems of eukaryotic cells (Gilman, 1987) . Transducin, (T), like other members of the heterotrimeric G-protein family, is composed of T~, T~ and T? subunits, and transduces the light signal in visual cells. The signal specificity of the G-protein as signal transducer lies in the ~ subunit, while the ]~ complex directly activates various downstream effectors. The ~ subunit of transducin is a 39-kDa protein that binds GTP and activates cyclic GMP phosphodiesterase. The ~ subunit is also a substrate for adenosine 5'-diphosphate (ADP) ribosylation catalysed by both cholera toxin and pertussis toxin. The 36-kDa ]~ subunit and the 8-kDa ? subunit form a complex that is required for transducin to interact with photolysed rhodopsin.
When photoreceptors are illuminated, transducin interacts with rhodopsin, and as a result of this interaction, guanosine diphosphate (GDP) bound to the 0~ subunit of transducin (T~) is exchanged for guanosine triphosphate (GTP). The T~, bound to GTP, is then released from its t? subunits and activates a cyclic GMP phosphodiesterase (cGMP-PDE) by removing the inhibitory ?-subunits from cGMP-PDE, cGMP-PDE lowers the concentration of cGMP, causing the closure of cGMP-dependent cation channels and hyperpolarization of the photoreceptor (Stryer, 1991) . The activation is terminated when the intrinsic guanosine triphosphatase activity of T~ hydrolyses the bound GTP, restoring the transducin-GDP complex and completing the cycle. Many vertebrate eyes contain two types of photoreceptor cells--rods and cones. While rods function in dim light and do not perceive color, cones are responsible for color vision. Rod and cone photoreceptor cells appear to use similar phototransduction mechanisms (Lolley & Lee, 1990; Stryer, 1986) . In mammals, rods and cones use different, but homologous, protein components for phototransduction, including their visual pigments (Nathans & Hogness, 1984; Nathans et al., 1986) , cGMP-PDEs (Gillespie & Beavo, 1988) and transducins (Lerea et al., 1986; Lee et al., 1992; Yau et al., 1992; Lochrie et al., 1985; Tanabe et al., 1985; Kubo et al., 1991; Zigman et al., 1994) . Although fish, like other vertebrates, have both cones and rods, and opsins specific to cones and rods were cloned from goldfish (Johnson et al., 1993) and from a blind cave fish (Yokoyama et al., 1993) , it is not known whether, like mammals, they use 2487 2488 B. FUNKENSTEIN and S. B. JAKOWLEW one or more transducins for light phototransduction. Of lower vertebrates, the only sequence report of transducin structure is that of the c~ subunit of Xenopus transducin (Knox et al., 1992) ; however, no attempts were mentioned to characterize its expression by cones or rods.
To date, no information is available on transducin structure in fish. In this communication, we report the first predicted amino acid of a piscine transducin subunit, its specific expression in the eye and its ontogeny in fish larvae. Our sequence comparisons demonstrate equal similarities to mammalian cone and rod transducins.
MATERIALS AND METHODS

Materials
Oligonucleotides were prepared by The Midland Certified Reagent Company (Midland, TX). Restriction and modifying enzymes were purchased from BRL/ Gibco (Gaithersburg, MD), New England Biolabs, Inc. 
Fish and tissues
Larvae of Sparus aurata were obtained from the National Center of Mariculture, Eilat; adult Sparus aurata fish were obtained from the Salt Company, Atlit. Larvae and tissues removed from decapitated fish were frozen immediately in liquid nitrogen and kept at -70°C until use.
RNA blot analysis
Total RNA was extracted from a pool of larvae or from tissues by the guanidinium thiocyanate-cesium chloride gradient method (Chirgwin et al., 1979) or by the guanidinium-rapid method (Chomczynski & Sacchi, 1987) . Poly(A+)RNA was isolated by chromatography on oligo(dT)-cellulose (Aviv & Leder, 1972) , electrophoresed on 1% agarose gels containing 0.66 M formaldehyde and ethidium bromide. Ethidium bromide was added to the running buffer as well. RNA was transferred to Nytran membranes (Schleicher and Schuell, Keene, NH) using 1 M ammonium acetate. Hybridization was performed in a buffer containing 1% BSA, 0.5 M sodium phosphate (pH 7.0), 7% SDS and 0.001 M EDTA at 60°C and washed in 40 mM phosphate buffer (pH 7.0), 1% SDS and 0.001 M EDTA at 65°C (Church & Gilbert, 1984) . Filters were hybridized to 32p-labeled Sparus transducin eDNA insert, labeled by the random priming method and in some cases rehybridized to 32p-labeled chicken fl-actin eDNA insert (kindly provided by Dr R. MacDonald). Northern blots were exposed to Kodak Xray film for various periods of time, depending on the signal obtained. Quantification of mRNA was performed using Image Analyser (U-Lead System's iPhoto Plus, Taipei, Taiwan) and TINA version 2.07d program for densitometric analysis.
Isolation and sequencing of cDNAs offish G-protein
The eDNA library was constructed from poly(A+)RNA of 7-day fish larvae using the Zap eDNA synthesis kit of Stratagene (La Jolla, CA) and Uni-Zap XR vector. The eDNA library was amplified and screened (Sambrook et al., 1989) using a mixture of 225 nt-long PCR products obtained by RT-PCR of 7-day larval RNA using degenerate primers designed originally to amplify TGFfl sequences. In vivo excision of the bluescript phagemids from the Uni-Zap XR vector was performed with helper phage and SOLR bacteria according to the manufacturer's instructions. Sequencing of the eDNA clones in the Bluescript SK + was performed by the dideoxy method using T3 and T7 RNA polymerase primers, as well as internal primers.
Reverse transcription PCR
Reverse transcription (RT) was performed using 1.2 #g poly(A+)RNA of 7 day-larvae and 200 units Superscript II reverse transcriptase (BRL-Gibco, Gaithersburg, MD) in a total volume of 23 #1 using dT primer at 42°C for 1 hr. PCR was performed in the same tube as follows: 1 min at 94°C, 1.5 min at 50°C, 2 min at 70°C, 40 cycles in 100 #1 using Gen Amp PCR kit and AmpliTaq DNA polymerase (Perkin Elmer Cetus, Norwalk, CT) and 100 pmol each of TGF-1 and TGF-2 primers, designed on the basis of a conserved region of chicken TGF-fl3, spanning amino acids 330-335 (5' primer) and amino acids 399-404 (3' primer) (Jakowlew et al., 1988) , see below. The PCR was performed on a Perkin-Elmer DNA Thermal Cycler 480. Free nucleotides and primers were separated from the amplified DNA by gel electrophoresis in 2% agarose. A band of the expected size of 225 nt was cut out and DNA was purified by Geneclean (Biol01, La Jolla, CA) and was used as a probe for screening the library. Primers used for PCR:
RESULTS
Screening of the amplified eDNA library yielded 28 positive recombinant bacteriophage plaques. Preliminary sequence analysis of the clones revealed that the cDNAs could be grouped into at least three categories, based on their sequence similarities. Four clones with an insert size of 1.95-2.15 kb and two shorter clones of 0.95 and 1.05 kb were found to have an identical sequence in their 3' end which included a poly(A ÷) tail and therefore were considered to code for the same polypeptide and were designated clones 5--4 and 1-6 (short clones) and 1-1, 2-2, 2-5 and 3-3 (long clones). The nucleotide sequence presented in Fig. 1 is a composite of overlapping clones. This sequence contains an open reading frame of 1050 bp (encoding 350 aa residues), a 5'-untranslated region of 223 nt and a 3'-untranslated region of 862 nt. The (Kubo et al., 1991) , bovine Gt2~ (Lochrie et al., 1985) , mouse Gt2~ (Zigman et al., 1994) , bovine Gtl~ (Tanabe et al., 1985) and Xenopus Gt~ (Knox et al., 1992) . Numbers on the left represent amino acids number, starting with the methionine residue of Sparus transducin. Dashes represent identical amino acids. One gap was introduced to facilitate alignment. The ADP-ribosylation sites for cholera toxin and pertussis toxin are underlined.
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polyadenylation signal AATAAA is 14 nt upstream from the polyadenylation site (at nt 2118-2124). Two additional polyadenylation signals are found at nt 1701-1706 and at nt 1705-1710. The deduced amino acid sequence was compared for the highest scoring proteins by using the programs FASTA (Pearson & Lipman, 1988; Pearson, 1990) and BLITZ (Sturrock & Collins, 1993) . The best match was found with ~ subunits of transducin from human, bovine and mouse. Comparison of the deduced amino acid (aa) sequence of the putative Total RNA from eye and 7-day larvae (5/tg), poly(A*)RNA (760 ng) of 7-day larvae, or total RNA (10/zg) from different tissues were electrophoresed and blotted onto nylon membranes. The RNA was hybridized with transducin cDNA insert. Lower panel, ethidium bromide staining of total RNA from tissues shown in (A) and (B). E, eye; 7d-E, total RNA of 7-day larvae; 7d-A ÷, poly(A÷)RNA of 7-day larvae; M, muscle; H, heart; K, kidney; G, gills; L, liver. (A) was exposed for 3 days and (B) for 13 days. , 10 and 21 days after hatching. (C) 10 #g of total RNA prepared from larvae 1, 2, 3, 4 and 6 days after hatching. Lower panels of (A) and (B), fl-actin; lower panel of (C), ethidium bromide staining of ribosomal RNA. (A) and (B) were exposed for 17 hr; C was exposed for 4 days.
transducin ~ subunit from Sparus, with that of human Gt2ct (Kubo et al., 1991) , bovine Gt2= (Lochrie et al., 1985) , mouse GtE~x (Zigman et al., 1994) , bovine Gtl~ (Tanabe et al., 1985) and Xenopus Gt~ (Knox et al., 1992) is presented in Fig. 2 and Table 1 . Sparus transducin is a 350 aa polypeptide (including the first methionine) compared with 354 aa of human, bovine and mouse Gt2~ but has the same length as bovine and mouse Gtl~ and Xenopus Gt~ (Table 1 ). The predicted amino acid sequence contains sites for ADP-ribosylation by cholera toxin and pertussis toxin at the same position and having the same amino acids as other transducin polypeptides. Analysis of tissue distribution of this transcript revealed that this trasncript is about 2.5 kb and is expressed only in the eye of the fish but not in other tissues studied: skeletal muscle, heart muscle, kidney, gill filaments and liver [ Fig. 3(A) and (B), upper panels]. The size of transducin transcript in the eye was identical to that found in larvae aged 7 days post-hatching [ Fig.  3(A) ]. The ontogeny of transducin expression in Sparus fish was determined at different developmental stages. Poly(A+)RNA was prepared from pools of larvae aged 1, 6, 10, 15 and 21 days after hatching. Equal amounts of poly(A+)RNA isolated by one [12.1 #g, Fig. 4(A) ] or two rounds [4 #g, Fig. 4(B) ] of chromatography on oligo(dT)-cellulose were loaded and hybridized to transducin eDNA. As shown in the two representative Northern blots in Fig. 4(A) and Fig. 4(B) , transducin mRNA appeared on day 6 after hatching but not on day 1. The steady state levels did not change on subsequent days. To determine precisely the onset of transducin mRNA expression, total RNA from larvae collected at 1-day intervals was hybridized to transducin eDNA. As shown in Fig. 4 (C), transducin RNA was detected first on day 3 after hatching, at very low levels, and increased 3-and 6-fold on days 4 and 6, (respectively) compared with those seen on day 3. The amounts of RNA loaded onto the gel are demonstrated in total RNA by ethidium bromide staining of the ribosomal RNA [ Fig. 3(A) , Fig. 3(B) and Fig. 4 (C), lower panels] or rehybridization to chicken flactin cDNA of poly(A+)RNA [ Fig. 4(A) and Fig. 4(B) ].
DISCUSSION
The data reported in this study suggest that the novel G-protein that we have cloned is probably the ~ subunit of fish transducin. This conclusion is based primarily on a very high homology found between our sequence and mammalian ~ subunits of both cone and rod transducins (Lcrea et al., 1986; Lochrie et al., 1985; Tanabe et al., 1985; Kubo et al., 1991; Zigman et al., 1994) , which ranged between 78% and 80.2% identity found in comparing amino acid sequences. Of lower vertebrates, the only transducin reported so far is that of Xenopus (Knox et al., 1992) . Surprisingly, the homology with Xenopus transducin is lower (77.1%) than that found with mammalian ones. The length of the predicted fish transducin is 350 aa, similar to that of rod transducin, but unlike cone transducin which is 354 aa long. The Xenopus transducin was reported to be 350 aa long.
This G-protein message was detected only in the fish eye but not in other tissues tested: skeletal muscle, heart muscle, kidneys, gills or liver, further supporting our conclusion of the identity of the G-protein as being transducin. Although once thought to be a G-protein specifically involved in visual signal transduction, Gt2~ is also expressed in the t-cells of mouse pancreatic islets, in the adrenal gland and in the pituitary (Zigman et al., 1994) . Immunoreactive transducin has been demonstrated in the pineal photoreceptor cells of rainbow trout (Ekstrom et al., 1987) .
The size of transducin transcript in the eye was identical to that in larvae after hatching, suggesting that a fully processed RNA is present in fish larvae. Transducin was first detected on day 3 after hatching, although at very low levels compared with day 4. In preliminary studies we found that the retina of Sparus larvae on days 3 and 6 after hatching is "pure cone", as reported for other fish species as well, suggesting that at this early developmental stages transducin is expressed in cones. However, more studies are needed to substantiate this conclusion. No difference was seen between the size of the transcript of total RNA or poly(A+)RNA of larval RNA, although minor lower transcripts were seen with total RNA from days 3 and 4. The nature of these transcripts is not clear. To our knowledge, this is the first characterization of transducin structure in fish. The similar sequence identity found with mammalian cone and rod transducins may suggest that in fish, unlike mammals, cones and rods utilize one type of transducin. Characterization of transducin cDNA from fish will permit us further studies on the regulation and developmental expression of phototransduction and visual cycle genes in fish.
